The dispersive properties and unusual surface plasmon modes in threedimensional (3-D) magnetized plasma photonic crystals (MPPCs) with face-centered-cubic lattices that are composed of the core tellurium (Te) spheres surrounded by the magnetized plasma shells inserted in the air are theoretically studied in detail by the plane-wave expansion method, as the magneto-optical Faraday effects of magnetized plasma are considered. Our analysis shows that the proposed 3-D MPPCs can obtain the complete photonic band gaps, which can be manipulated by the radius of core Te sphere, the plasma density, and the external magnetic field, respectively. We also find that a flatband region can be achieved, which is determined by the existence of surface plasmon modes. If the thickness of the magnetized plasma shell is less than a threshold value, the band structures of such 3-D MPPCs will be similar to those obtained from the same structure containing the pure magnetized plasma spheres. In this case, the inserted core sphere also will not affect the band structures. It is also noticed that the upper edge of flatband region does not depend on the topology of lattice.
Introduction
Since the idea of photonic crystals (PCs) firstly proposed by Yablonovitch [1] and John [2] , the properties of PCs have been studied extensively in the theory and experiment. The photonic band gaps (PBGs) can be observed from the PCs since the existence of Bragg scattering [3] . In such interesting regions, the propagation of electromagnetic (EM) wave is prohibited. Thus, the PCs can be used to realize many modern optical devices [3] . Recent years, the constituents of PCs are extended to the plasma. In nature, plasma is a kind of metamaterial [4] , and is a good candidate to obtain the tunable PBGs. In 2004, Hojo and Mase [5] first proposed the concept of plasma photonic crystals (PPCs). Compared to the conventional dielectric-dielectric PCs, many interesting properties can be observed in the PPCs [6] , [7] . As we know, if the external magnetic field is introduced into the PPCs, the magnetized photonic crystals (MPPCs) can be obtained. Compared to the PPCs, not only the PBGs can be manipulated by an additional parameter but also the more complete EM modes can be observed. Of course, the different magneto-optical effects also can be obtained in the MPPCs [8] . To magnetized plasma, if the EM wave vector is perpendicular to the external magnetic field, the Voigt effects can be obtained. If the EM wave vector is parallel to the external magnetic field, the Faraday effects can be achieved [8] . Therefore, the PPCs and MPPCs have been obtained an ever-increasing interesting in the theory and experiment. Recently, the properties of the one-and two-dimensional (2-D) PPCs and MPPCs have been investigated in detail, such as reported by Shiveshwari et al. [9] , Guo [10] , Qi et al. [11] and Zhang et al. [12] . The properties of PBGs and defect modes of 1-D PPCs and MPPCs are investigated by finite difference time domain (FDTD) and transfer the matrix methods (TMM). They proclaimed that the plasma density and the external magnetic field are important parameters to manipulate the PBGs and defect modes. According to such principles, the tunable filter and omnidirectional reflector can be easily realized by the 1-D PPCs and MPPCs [13] - [15] . Over the past few years, the special MPPCs and PPCs have attracted people's attention, in which the magnetic material or metal are introduced, such as mentioned in the works from Hamidi [16] , Mehdian et al. [17] and Fu et al. [18] . In those reports, the magneto-optical Faraday and Voigt effects of magnetized plasma in the MPPCs also are discussed. However, Zhang et al. [19] considered a more general case, in which the angle between the EM vector and the external magnetic field is arbitrary. They found that the PBGs not only can be tuned by the external magnetic field but also can be controlled by the angle between the EM vector and the external magnetic field. Moreover, Qi et al. [20] and Zhang et al. [21] proposed a new kind of tunable MPPCs, which only are realized by arranged periodically the external magnetic field as the Voigt effects of magnetized plasma are considered. In those MPPCs, the constituents only are plasma, and another dielectric does not need to be introduced into the PCs. On the other hand, Guo [22] studied negative refraction in 1-D and 2-D PPCs as the plasma collision frequency is ignored. King et al. [23] calculated the effective plasma frequency for 1-D MPPCs as considered the Voigt effects. In experiment, the great works have been done by the Sakai research group [24] - [26] , they verified and observed the PBGs of PPCs in millimeter range. Fan et al. [27] and Dong et al. [28] used a dielectric barrier discharge with two liquid electrodes to obtain a tunable 1-D and 2-D PPCs, respectively.
Unfortunately, the 1-D and 2-D structures may not be very well in accordance with the real applications, and the 3-D case may be closer to the actual situation. Compared to the 1-D and 2-D cases, the complete PBGs only can be obtained in the 3-D PCs structure. Thus, recently, our research group pays more attention on the properties of 3-D PPCs and MPPCs [29] - [33] . From our research results, we also can know that if 3-D PPCs and MPPCs with high symmetry, such as bodycentered-cubic (bcc) lattices, face-centered-cubic (fcc) lattices, and simple-cubic (sc) lattices, the complete PBGs hardly can be achieved [33] . To solve such problem, the anisotropic dielectric has to be introduced into 3-D PPCs and MPPCs [33] , [34] , such as Te and Tl 3 AsSe 3 . As mentioned in our report [35] , the dispersive properties of stop band gaps (SBGs) in the (1 0 0) and (1 1 1) directions of 3-D PPCs also can be tuned. If we want to tune the switching state of 3-D PPCs and MPPCs, the dielectric constant of background must be large enough, and inserted spheres must be pure. However, it is every difficult to realize the 3-D MPPCs or PPCs with high symmetry. If we want to achieve the tuning switching gaps in 3-D MPPCs with low background dielectric constant, we can use double-shell structures to construct 3-D MPPCs as mentioned by Chan et al. [36] and Aryal et al. [37] . On the other hand, the relationships between the surface plasmon modes and lattices for the 3-D MPPCs also are not investigated.
As mentioned above, the aims of this paper are to investigate the unusual surface plasmon modes and switching gaps of 3-D MPPCs with fcc lattices, which are composed of the core Te spheres with surrounded by the magnetized plasma shells inserted in the air by the plane wave expansion (PWE) method, as the magneto-optical Faraday effects are considered. In this paper, assumed c is light speed in vacuum, t is the time and j ¼ ffiffiffiffiffiffi ffi À1 p , respectively.
Theoretical Model and Computing Method
The schematic structure and irreducible Brillouin zone and of such 3-D MPPCs can be observed in Fig. 1 . As shown in Fig. 1(b) , we consider the radius of the shell, the radius of the core sphere and the lattice constant are R 2 , R 1 and a, respectively. As shown in Fig. 1(c) , the high symmetry points for fcc lattices have the coordinate as X ¼ ð2%=a; 0; 0Þ, U ¼ ð2%=a; 0:5%=a; 0:5%=aÞ, L ¼ ð%=a; %=a; %=aÞ, À ¼ ð0; 0; 0Þ, W ¼ ð2%=a; %=a; 0Þ and K ¼ ð1:5%=a; 1:5%=a; 0Þ. Assumed the dielectric background, the dielectric core spheres and the magnetized plasma shells are isotropic and homogeneous, and the relative dielectric functions are " b , " a and " p , respectively. In the following numerical calculations, we consider " b ¼ 1 and the core dielectric sphere is Te. As we know, if we consider the magneto-optical Faraday effects of magnetized plasma, the cyclotron resonance only can be observed in the right circular polarization [32] . Thus, we only consider the right circular polarization case in numerical calculations, and " p can be written as (an e j!t time-dependence is implicit through this paper) [8] 
where ! c , # c and ! p are plasma cyclotron frequency, plasma collision frequency and plasma frequency, respectively. In order to obtain the PBGs of PCs, many numerical methods have been reported [38] - [41] . Among those methods, the PWE method is the most popular method to compute the band structures of PCs. Recently, the dispersive curves of the PPCs have been calculated successfully by a modified PWE method [42] . In this paper, the same technique also will be used to achieve the PBGs of such 3-D MPPCs. As we know, Te is a kind of the uniaxial materials [33] , [34] , and the dielectric constant " a is a dyadic and has a form as
where
Therefore, according to the PWE method, the Fourier coefficient of the dielectric constant dyadic can be written as [29] - [33] G ðiÞ ¼ where
Þ=ð3 V m Þ is the filling factor of the Te spheres, and f 2 ¼ ð4%R
Þ=ð3 V m Þ is the filling factor of the plasma-Te spheres. V m is the volume of unit cell. The eigenvalue equation can be written as
where 
Of course, the dispersion relation can be determined by the real part of such eigenvalues. The definitions of parameters for Eqs. (2)- (6) can be found in Refs. [29] - [34] .
Numerical Results and Analysis
Without loss of generality, we use !a=2%c to normalize the frequency region. We use a variable ! p0 ¼ 2%c=a to define the plasma frequency, the plasma collision frequency and the plasma cyclotron frequency, as ! p ¼ ! pl ¼ 0:12! p0 , # c ¼ 0:02! pl and ! c ¼ 0:8! pl , respectively. As mentioned above, ! p0 and ! pl are the symbols to define the constants and have not any physical meanings. We also consider " a ¼ 1, " b ¼ 1, and " p ¼ 1, respectively. In our calculating, we use 729 plane waves to make the convergence accuracy is better than 1% for the lower bands [33] , [34] .
The Dispersive Properties and Switching State of Such 3-D MPPCs
In Fig. 2 Fig. 2(c) , if the external magnetic field is introduced, the edges of flatbands region and first two PBGs are upward to higher frequency region. The flatbands region spans from 0.0959 to 0.1772, and first two PBGs are located at 0.3936-0.4182 and 0.5675-0.5802. As we know [33] , [34] , the existing multiflatbands can be explained by the existence of surface plasmon modes. As mentioned above, the switching state and flatbands region can be tuned by the external magnetic field. It means that such 3-D MPPCs can be a good candidate to realize the wavelength division multiplexer. In this paper, we only focus on the switching state and dispersive properties of first (1st) PBG.
The Unusual Surface-Plasmon Modes in Such 3-D MPPCs
As we know [33] , [34] , if the magnetized plasma is introduced into the 3-D dielectric PCs, the multiflatbands can be found in the flatbands region. In the flatbands region, the real part of dielectric function of magnetized plasma is negative but that for the core spheres and background are positive. It means that the dielectric will change sign at interface across the core spheres and background. Thus, the plasmon modes can be obtained [33] , [34] , which will be highly localized at the interface of inserted dielectric of PCs. To investigate the surface plasmon modes, we plot the band structures for such 3-D MPPCs with
02! pl and R 2 ¼ 0:35a but with the different R 1 in Fig. 3 . As shown in Fig. 3(a)-(c) , the dispersive curves are hardly changed although R 1 is different. From the numerical results, we can know that there is a threshold value for the thickness of magnetized plasma shell to make R 1 has no effect on the band structures. In the other word, such double-shell structures can be equivalent to the structures, in which only pure magnetized plasma spheres are inserted. This can make fabricate possibly and save the material in realizing the 3-D MPPCs. In Fig. 4 , we also plot the band structures for such 3-D MPPCs with
02! pl and R 2 ¼ 0:35a but with the different inserted core dielectric spheres. As shown in Fig. 4(a)-(c) , if R 1 ¼ 0:03a, the band structures will be similar to each other as SiO 2 ð" a ¼ 4Þ, Te ðn o ¼ 4:8; n e ¼ 6:2Þ, Si ð" a ¼ 12:4Þ and Tl 3 AsSe 3 ðn o ¼ 3:35; n e ¼ 3:16Þ spheres are inserted, respectively. It also shows that the critical value of the magnetized plasma shell can be found to make " a has no effect on the dispersive properties. According to the results in the Figs. 3 and 4 , the unusual surface plasmon modes can be observed, which will not be affected by the radius and dielectric constant of the inserted core spheres as the thickness of magnetized plasma shell is larger than a threshold value. Of cause, the switching state of such PCs also will not be changed. This can be explained that if the thickness of magnetized plasma shell is larger enough, EM wave will be reflected by the coating shells since EM wave cannot propagate through the magnetized plasma shell. In Fig. 5 , we display the dispersive curves for such 3-D MPPCs with similar case as Fig. 4 except for " b ¼ 20. As shown in Fig. 5(a)-(c) , if R 1 ¼ 0:03a, the dispersive curves will be similar to each other as Si, Te, Tl 3 AsSe 3 and SiO 2 spheres are inserted, respectively. The complete PBGs can be found, which are present themselves at 0.5994-0.6484, 0. 6001-0.6488, 0.5999-0.6488 and 0.6004-0.6488, respectively. From the results in Fig. 5 , we know that the PBGs also hardly are depended on the radius and dielectric constant of the inserted core spheres as the thickness of magnetized plasma shell is large enough. It is worth to be noticed that the flatbands regions also are never changed.
In Fig. 6 , we display the band structures for such 3-D MPPCs with
02! pl and R 2 ¼ 0:35a but with the different PCs lattices. As shown in Fig. 6(a) -(c), the flatbands regions can be observed as the MPPCs with fcc, bcc and sc lattices. The flatbands regions for such three lattices are 0.0959-0.1772, 0.0979-0.1772 and 0.01082-0.1772, respectively. From the results in Fig. 6 , we can know that the unusual surface plasmon modes can be found in the flatbands region, and the upper edge of flatbands region will not depends on the topology of lattice. However, the lower edge of flatbands region will be different since the distance between the inserted core spheres are different. Those results can be explained by the Maxwell-Garnett type effective medium theory [43] . The effective dielectric of such 3-D MPPCs " eff can be written as [43] 
Thus, we can know that the dispersion relation will not depends on the topology of lattice since the wave vector k is just only depend on the dielectric constant of materials which are inserted into MPPCs. In order to further investigate the relationship between the lattices of MPPCs and flatbands region, we plot the both edges of flatbands regions with
02! pl and R 2 ¼ 0:35a as the MPPCs with the fcc, bcc and sc lattices as a function of R 1 in Fig. 7 . As shown in Fig. 7 , the upper edges of flatbands region for such three lattices will never changed with increasing R 1 , which are 0.1772 since the upper edge of flatbands region is nearly corresponding to the upper frequency of cutoff region for right circular polarization [32] . It means that whether the core spheres existing or not will not influence the location of the upper edges frequencies for the fcc, bcc and sc lattices. However, the lower edges of flatbands regions will be upward to higher frequency region. If R 1 =a 0:05, the lower edge frequencies of flatbands regions for such three lattices are almost unchanged. As the value of R 1 =a is increased, the lower edge frequency for sc lattice has a larger value compared to the other two lattices. If R 1 =a ¼ 0:345, the lower edge frequencies of flatbands regions for such three lattices will be convergence to 0.14.
The Properties of Switching State and Tunable PBG of Such 3-D MPPCs
In Fig. 8 , we plot the dependences of the properties for 1st PBG on
02! pl and R 2 ¼ 0:35a, respectively. The shaded region indicates the PBG. Fig. 8(a) illustrates that R 1 is an important parameter to the properties of switching state. With increasing the value of R 1 =a, the both edges of 1st PBG will shift to lower frequency region, and the bandwidth will increase first and then decrease. The maximum bandwidth is 0.0288 which can be found in the case of R 1 =a ¼ 0:26. If R 1 =a G 0:12 and R 1 =a 9 0:32, the PBG will never appear. It means that the switching of 3-D MPPCs will be in on state. The relative bandwidth ðÁ!=Á! i Þ [29] - [33] for 1st PBG is plotted in Fig. 8(b) . As shown in Fig. 8(b) , the relative bandwidth will increase first and then decrease. The maximum value of relative bandwidth is 0.0757 which appears in the case of R 1 =a ¼ 0:26. If R 1 =a G 0:12 and R 1 =a 9 0:32, the relative bandwidth will be equal to zero, and the switching state is in on state. However, if 0:12 R 1 =a 0:32, the off state can be obtained for 3-D MPPCs. As mentioned above, the radius of the core sphere can manipulate the switching state.
In Fig. 9 , the effects of ! p on 1st PBG and relative bandwidth for such 3-D MPPCs with
02! pl and R 1 ¼ 0:24a, respectively, are plotted. As shown in Fig. 9(a) , the edges of 1st PBG will be upward to higher frequency region but the bandwidth will decrease as ! p increased. The switching state of MPPCs will be change from off to on. If ! p =! p0 9 0:44, the 1st PBG will disappear. The switching state becomes on. We also can know that the maximum bandwidth can be observed in low-! p region, which is 0.0258at the case of ! p =! p0 ¼ 0:01. It means that the switching state is easier to manipulate in high-! p region. It also can be explained in physics that if ! p is large enough, the effective permittivity can less than 1. It means that the average refractive index for such 3-D MPPCs is changed [33] , [34] . As we know [3] , the bands above and below the PBGs can be distinguished by where the energy of their modes in concentrated. For low-frequency modes, their energy is concentrated in the high-" region of PCs. For high-frequency modes have a larger factor of their energy in the low-" region of PCs. If the average refractive index of PCs is changed, the PBGs will be tuned. Therefore, the 1st PBG and switching state can be tuned. The relative bandwidth also is plotted in Fig. 9(b) . Fig. 9(b) shows that the relative bandwidth will decrease with increasing ! p , and the maximum relative bandwidth is 0.0646, which can be found at case of ! p =! p0 ¼ 0:01. If ! p =! p0 G 0:44, the switching state of MPPCs is off. Compared to the case of ! p =! p0 ¼ 0:13, the relative bandwidth is increased by 0.0042. As mentioned above, the switching properties of such 3-D MPPCs can be tuned obviously by ! p , and the on state can be obtained in the high-! p region.
In Fig. 10 , the effects of ! c on 1st PBG and relative bandwidth for such 3-D MPPCs with
02! pl and R 1 ¼ 0:24a, respectively, are plotted. Fig. 10(a) illustrates that the both edges of 1st PBG will shift to higher frequency region but the bandwidth will decrease with increasing ! c . If ! c =! pl 9 0:4, the 1st PBG will never appear. The on state will be obtained. It also shows that the maximum bandwidth can be observed in low-! c region, which is 0.0251 at the case of ! c =! pl ¼ 0:01. It means that the switching state will be changed in high-! c region. Compared to the case of ! p =! pl ¼ 0:4, the bandwidth is increased by 0.0236. Changing the value of ! c (the external magnetic field) means that the average refractive index of 3-D MPPCs also is changed [30] , [31] . Therefore, the 1st PBG and switching state can be tuned. In Fig. 10(b) , the relative bandwidth also is plotted. As shown in Fig. 10(a) , the relative bandwidth will decrease with increasing ! c , and the maximum relative bandwidth is 0.0618, which can be found at case of ! c =! pl ¼ 0:01. If ! c =! pl 9 0:4, the switching state of MPPCs will change from off to on. Compared the case of ! c =! pl ¼ 0:9, the relative bandwidth is increased by 0.0013. As mentioned above, ! c (the external magnetic field) is an important parameter which needs to be chosen. The wide PBG and off state can be obtained in low-! c region. The switching state of MPPCs also can be manipulated by the external magnetic field.
In Fig. 11 , we plot the effects of # c on 1st PBG and relative bandwidth with
8! pl and R 1 ¼ 0:24a, respectively, are plotted. As shown in Fig. 11(a) , the 1st PBG for such 3-D MPPCs cannot be tuned by # c . The bandwidth of 1st PBG remains invariant, which spans from 0.3936 to 0.4182, as the value of # c =! pl is increased from 0.002 to 0.2. The off switching state can be obtained in such 3-D MPPCs. It can be seen from Fig. 11(b) that the relative bandwidth remains unchanged which is 0.0606 as # c is increased. As mentioned above, # c has no effect on switching state and PBG since it only determines the degree of energy absorbed [30] , [31] .
Conclusion
The PBG properties and switching state of 3-D MPPCs with fcc lattices which are composed of the core Te spheres with surrounded by the magnetized plasma shells inserted in the air, are theoretically investigated in detail by the PWE method as the Faraday effects of magnetized plasma are considered. The unusual surface plasmon modes in such 3-D MPPCs also are studied. Based on the computing results, some conclusions can be drawn. Compared to the conventional inserted dielectric spheres structures, the tunable complete PBGs can be obtained by the double-shell structure as we proposed. It is worth to be noticed that the switching state and PBG can be tuned obviously by ! c , ! p and R 1 , respectively. However, tuning # c can not change the switching state of 3-D MPPCs. Increasing R 1 , the edges of complete PBG will be downward to lower frequency region. Increasing ! p and ! c , the edges of PBG will be shift higher frequency region, and the larger relative bandwidth of PBG can be found in low-! p and low-! c regions, respectively. The numerical simulations also show that the unusual surface plasmon modes can be observed in the flatbands region. The unusual properties can be summarized as: Firstly, there is a threshold value for the thickness of magnetized plasma shell, which take the band structures of such 3-D double-shell structures MPPCs be similar to those obtained from the same structure containing the pure magnetized plasma spheres. In this condition, the inserted core spheres will no affect on the band structures. It means that we can achieve the PBGs by replacing the pure inserted sphere structures with such double-shell structures to make fabricate possibly and save the material in the realization. The other is that the upper edge of flatbands region does not depend on the topology of lattice, and the lower edge frequencies of flatbands regions for different lattices will be convergence to a constant as the thickness of magnetized plasma shell tends to zero. As mentioned above, the presented 3-D MPPCs with double-shell structures offer a novel way to realize the optical switching and the wavelength division multiplexer.
